B = 0.2 n F (D O2 )
2/3 ν -1/6 C O2
where, j k is the kinetic current; ω is the electrode rotating rate (rpm); the constant 0.2 is adopted when the rotation speed is expressed in rpm; F is the Faraday constant (F = 96485 C mol ). The B value can be determined from the slope of the K-L plots. The value of n represents the number of electrons transferred per oxygen molecule, and can be calculated from B by using above parameters.
Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2013 Figure S1 . Schematic diagram of the experimental setup used for S-graphene synthesis. In this process, the vapors of liquid CS 2 flow in the quartz tube at the heating zone of the furnace. The temperature of the furnace was increased to 600 ~ 900 o C and the quartz tube was filled with Ar. To avoid the oxidation of pristine graphene, we evacuated the quartz tube and backfilled it with Ar before the heating process was performed. CS 2 vapor was introduced for 1h. After exposure to CS 2 vapor, the furnace was kept at the desired temperature for 10min under Ar and then cooled to room temperature.
This journal is © The Owner Societies 2013 Figure S2 . XRD patterns for pristine graphenes (G600, 700, 800 and 850) and S-graphenes (SG600, 700, 800 and 850) prepared at different temperatures. corresponds to pyridinic nitrogen), N2 (located at 400.12 eV (50.7 %) corresponds to pyrrolic nitrogen) and N3
(located at 401.10 eV (6.2 %) corresponds to graphitic nitrogen).
Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics This journal is © The Owner Societies 2013

Electrocatalytic property of S-graphene compared with S-GO
To identify the chemical bonding state of the sulfur dopant mainly contributing to the ORR activity of SGs, we further compared the electrocatalytic activity of SG850 with S-GO (Sulfur-doped graphene oxide). S-GO was obtained from oxidized graphene prepared by Hummers method. The S 2p spectrum of S-GO can be deconvoluted into three components, at 163.4 eV (S1: 45.9 %), 164.9 eV (S2: 22.6 %) and over 165.5 eV (S3: 31.5 %) ( Figure S4(a) ), where the third one was assumed to be composed of three satellite peaks. The S1 and S2 peaks were located at the same position as the SGs, indicating that the chemical identity was the same as that of SGs. However the third group located over 165.5 eV can be attributed to oxygen-containing S groups, such as C-SO x -C (x=2,3,4), [S2,S3] confirming that S-GO retains oxygen-containing S species compared to SGs. Figure S4 ). These results show that the ORR activity of thiophenic-sulfur and oxidized sulfur was significantly different as a dopant.
According to a previous report regarding the origin of the increase in the ORR activity of the heteroatom-doped carbon materials, breaking the electro-neutrality of graphitic materials and the presence of dopant cause the generation of positively charged sites for the favorable side-on O 2 surface adsorption. [S4] Therefore, doping of electronegative sulfur atoms reduced the electron density of C atoms and polarized the carbon atoms into a partially positive state. This made the adsorption of O 2 molecules easier, which is the first step in the ORR process. The electro-neutrality state was also broken in oxygen-containing S-doped graphene surface, but the absorption of O 2 molecule may be rather difficult due to the larger size of the oxygen-containing sulfur groups. The oxygen-containing sulfur groups in graphene structure can act as barriers causing steric hindrance for the adsorption of O 2 gas on the S-graphene surface. Therefore, as a dopant, oxygen-containing sulfur groups led to a much lower catalytic activity than oxygen-free thiopenic-sulfur toward ORR.
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To introduce oxygen-containing S groups into the graphene structure, GO was used as a starting material instead of pristine graphene obtained from FGIC. GO was prepared using Hummers method, with minor modifications. [S5] Typically, a mixture of 0.5 g of graphite and 25 g of NaCl was ground into a fine powder, and then it was washed with water and ethanol several times and dried under a vacuum. The dried sample was mixed with 2 mL of H 2 SO 4 , 0.42 g of K 2 S 2 O 8 , and 0.42 g of P 2 O 5 and heated at 80 o C for 4 h for pre-oxidation of graphite, followed by thorough washing with water and drying in an oven. The treated graphite was added to a mixture of 20 mL H 2 SO 4 and 2.5 g KMnO 4 and placed in an ice bath, and stirred slowly. The solution was then heated up to 35 °C and kept under vigorous stirring for 2 h, followed by slow addition of 42 mL of water. In the final step for the preparation of GO, 83.5 mL of water and 5 mL of hydrogen peroxide was added, followed by washing with water and filtration. Finally, the S doping process was carried out on GO, using the same method described for S-graphene synthesis. The sample was referred to as S-GO.
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This journal is © The Owner Societies 2013 Figure S4 . (a) High-resolution XPS S 2p spectrum of S-GO. The S 2p peak can be split to three components; S1
(located at 163.4 eV (45.9 %) corresponds to S 2p 3/2 of thiophene-sulfur), S2 (located at 164.9 eV (22.6 %) corresponds to S 2p 1/2 of thiophene-sulfur) and S3 (located at over 165.5 eV (31.5 %) corresponds to oxygencontaining sulfur groups, -C-SO x -C-(x=2,3,4)). (b) LSV curves for oxygen reduction on the S-graphene (SG850) and S-graphene oxide (S-GO) in an O 2 -saturated 0.1 M KOH solution with a rotation rate of 2500 rpm.
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